Background: Multi-infarct dementia (MID), a prominent subtype of vascular dementia (VaD), has only achieved recognition in the last 4 decades. Since its original description, the characterization, etiological understanding, and therapeutic direction of MID and other VaD subtypes has progressed at an astounding rate. Summary: This paper divides the landmark discoveries and emergence of new research strategies for MID into decade-defining patterns so that a condensed picture of the total history of MID and its eventual inclusion as a VaD subtype emerges. This paper follows the first descriptive decade, a shift to a preventative focus, a renewed interest coinciding with timely advances in research technology, and a hopeful return to treatment possibilities for VaD. Key Message: Concisely tracing the historical lineage of the modern understanding of MID, both as a singular entity and as part of the VaD constellation of disorders, provides a novel perspective on the foundation upon which future advances in combating vascular contributions to dementia will be based.
interchangeable term with VaD before the recognition of dementia subtypes resulting from single infarcts or genetic arteriopathy [3] . Vascular pathology has been found to be the root cause of dementia in about 8-10% of all clinical cases of cognitive impairment, and 25-80% of AD patients display vascular lesions that may contribute to their dementia [4] . MID and other VaD subtype symptomology variably includes prominent impairment in executive functions involving attention, working memory and perceptual speed, mild episodic memory deficits, affective disturbances, and gait abnormalities, which progressively interfere with daily life activity of the patient and increase the emotional and economic burden for caregivers [5] . VaD was also estimated to have the highest annual cost per patient among the most common dementias, likely due to a higher rate of recurrent hospital admissions [6] . However, no approved treatment currently exists to modify cognitive decline once it has become apparent [7] . As such, prevention of strokes and management of risk factors are the only universally and medically accepted means of controlling the onset of MID [7] .
While the incidence of VaD is variable across studies, several meta-analyses have concluded that nonhereditary VaD typically occurs around the age of 65 years and then increases exponentially every 5 years afterwards [8] . Moreover, with an aging population and better health care available, the rates of all dementias are expected to nearly double every 20 years [9] . The risk factors for stroke are also gaining prevalence, with more people being classified as hypertensive or prehypertensive rather than normotensive, and with more than half of these cases not adequately controlled [10] . Hence, the lack of valid treatment, the high likelihood of increased incidence, and the greater prevalence of risk factors for VaD justify an increased interest in understanding and treating this debilitating neurologic disorder.
While many recent reviews have covered our current knowledge of this disorder in depth [2, 4, 11] , few have traced the major contributions to this knowledge base from a historical perspective. This review will follow the major experimental and theoretical milestones in MID research to date.
The 1960s and 1970s: Discovery and Differentiation
Early Understanding of Vascular Pathology and Dementia Vascular contributions to AD were noted in the early 1900s with amyloid plaques observed in the arteries and capillaries of patients who died with dementia [12] . Alois Alzheimer even described lipid plaques (i.e., atheromatosis) in the vessels of patients who had been diagnosed with senile dementia [13] and noted small vessel arteriosclerosis in his most historically significant patient, Auguste Deter [14] . New histological tools such as silver stains allowed him to recharacterize the disease with the signature neurofibrillary tangles and senile plaques recognized to this day [13, 14] . Hence, the notion of vascular contributions to dementia was recognized even before the hallmark lesions that have become universally linked to a variety of dementias.
However, it was not until the late 1960s and early 1970s that the concept emerged that vascular abnormalities could lead to a dementia phenotype in the absence of a comorbid primary degenerative dementia diagnosis. Primary dementia was defined at the time as any progressive dementia resulting from the degeneration of the parenchymal tissue of the brain without the presence of vascular pathology [15] . During this time there also began a clear dissociation from the original arteriosclerotic theory of dementia, where narrowing of the arteries was thought to result in global ischemia and dementia [15] . This was supported by clinicopathological studies which found comparable levels of arteriosclerosis in brain samples of patients who had died with dementia and in those of patients who had died without dementia [16, 17] . This led to the concise conclusion by the clinical neurologist C.M. Fisher that VaD developed not from an overall decrease in blood flow due to arteriosclerosis, but from a cumulative effect of large and small strokes [18] . According to this new understanding of VaD, arteriosclerosis and hypertension are contributing risk factors for, but not causative agents of, the focal ischemia underlying cognitive impairment [19] . Rather, embolisms from both extracerebral and intracerebral origins and intracerebral thrombi would lead to focal ischemia and infarcts [19] . From this work, Hachinski, Lassen, and Marshall noted that in most cases where dementia could be linked to cerebrovascular disease, it resulted from multiple infarcts rather than an atherosclerotic strangulation of the brain, thus introducing the concept of MID to replace arteriosclerotic dementia [15] . At this time, the idea of strategic infarcts leading to dementia following just a single stroke had not yet been suggested. Therefore, MID was treated as synonymous with cerebrovascular dementia [15] .
Early Attempts at Clinical Differentiation
In tandem with this mechanistic differentiation of MID from AD-type dementias, accepted differences in clinical presentation of the disorders also emerged. It was established that both led to a substantial deterioration of intellectual function [20] . However, the diverse functions of the cerebral cortex and subcortical projection nuclei in cognition left the door open for more definitive classifications. Perez et al. [21] conducted one of the initial studies attempting to clinically delineate MID from AD by comparing scores on the Wechsler Adult Intelligence Test with postmortem diagnosis. They found evidence that AD patients scored worse than age-matched VaD patients, but they also observed a near-chance level of misdiagnosis (51%) with MID patients [21] . Moreover, the number, size, and location of the infarcts all impacted the degree of cognitive deficits in the MID patients [21] , thus providing some of the earliest evidence for the heterogeneity of VaD.
C.M. Fisher [18] distinguished cerebrovascular dementia patients not by the degree of the deficits, but by specific areas of impairment. Among these symptoms are intellectual deterioration accompanied by motor deficits such as irregular and slow gait, dysarthria, and dysphagia. Birkett [22] examined psychiatric disturbances in an institutionalized sample of dementia patients but could find no difference in psychiatric features between AD-type dementias and VaDs. Both Fisher and Birkett agreed that the deficits associated with AD appeared to have a more progressive, insidious onset than those of VaD [18, 22] .
Initial Predicted Treatments for MID
The emerging concept that the pathophysiology of MID resulted from several remote ischemic strokes led to new strategies for early intervention and treatment. At this time, VaD was considered to be the sole cause of dementia in only a minimal number of dementia cases [23, 24] . However, vascular contributions to dementias, particularly AD-type dementias, were a focus of many clinical trials as the vascular contributions were considered more amenable to treatment and management than primary neuronal degeneration [25] . Early pharmacological interventions focused on vasodilators. It was believed that by increasing cerebral blood flow, neuronal metabolism would be improved and the health and functioning of neurons that survived ischemic events would be enhanced [26] .
Anticoagulants were also a proposed therapy in the late 1960s to prevent the formation of potentially dangerous thrombi [27] . This coincided with the discovery that discrete ischemic strokes from embolisms caused the multiple infarcts leading to cognitive and motor dysfunctions [19] . However, by the early 1970s it was noted that the risks outweighed the benefits in hypertensive, at-risk populations. Hemorrhage was a common complication in long-term anticoagulation treatment, and this risk increased with age [28] . Ultimately, these therapies did not affect survival or prevention of further strokes in clinical trials, and anticoagulants were discarded as a long-term treatment option by the end of the 1970s [29] .
The 1980s: Prevention and Reclassification

Management of Risk Factors
Hypertension and atherosclerosis were already accepted as primary risk factors for MID [19] ; yet, further research into the multifactorial etiology of the disorder was limited in comparison to research into poststroke treatment. In the wake of disappointments such as anticoagulant therapy [29] , the focus shifted to the identification and management of risk factors for MID. Meyer et al. [30] examined the clinical profiles of 175 MID patients without comorbid AD compared to 125 cognitively normal controls. They found that hypertension was the dominant risk factor that separated the MID patients from the controls. However, heart disease, smoking, diabetes, and hyperlipidemia were also significant predictors [30] . This study also found a higher rate of MID among males over 60 years of age than among similarly aged females, suggesting a sex difference in risk [30] .
When vascular risk factors were controlled in a clinical population of MID patients by the management of systolic blood pressure and cessation of cigarette smoking, patients displayed improved cognitive scores over a 2-year period [31] . Notably, the reduction of blood pressure had to be minimal in this elderly population, since chronic hypertension coupled with diminished autoregulation led to a requirement of some degree of high blood pressure to ensure healthy perfusion rates [31] . While these interventions often resulted in only mild improvements, they represented a departure from the general consensus at the end of the previous decade, which closed with tentative hope for prevention of further decline but no hope for reversal or recovery [32] .
White Matter Lesions
Until the 1980s, MID was characterized by cortical infarcts or gray matter lesions, and the extent of the volume affected was thought to correlate with the extent of dementia [33] . This led to the theory that the death of cell bodies, particularly in the frontal cortex, accounted for the executive functional deficits that predominate in MID [34] . While MID was considered nearly synonymous with VaD until the 1980s, a new focus on white matter lesions led to an increase in the diagnosis of "Binswanger's disease" [35] .
Otto Binswanger was the first to describe progressive leukoencephalopathy, though he included only minimal clinical details [36] . This disease was once considered incredibly rare, until the imaging techniques of the 1980s led to the discovery that white matter lesions were present in up to 16% of pathologically aging brains without comorbid AD [37] . It was not entirely clear at this time that white matter lesions could be caused by white matter infarcts as a variation of MID, though this was proposed as the so-called lacunar theory [35] .
The manner in which the brain is vascularized makes it particularly vulnerable to hemodynamic changes. As large arteries from the exterior of the brain penetrate the periventricular white matter, the number of collaterals decreases, leading to a watershed area susceptible to ischemic attacks [35, 38] . De Reuck et al. [38] championed this theory by reporting that postmortem white matter damage was more pronounced than gray matter damage in 4 VaD subjects. Furthermore, the U fibers were always uniquely spared among the white matter tracts affected, likely because their blood supply comes from a more proximal source than deep penetrating arteries [39] . Myelinated fibers were found to become demyelinated during periods of acidosis that occur under ischemic conditions [40] . This led to a significant reevaluation of the definition of MID in the 1980s, as De Reuck suggested that the incidence of VaD caused by white matter infarcts, once thought rare or nearly nonexistent, was actually the most common subtype of VaD [38] .
Advances in Neuroimaging
Neuroimaging by either computed tomography (CT) or magnetic resonance imaging (MRI) proved to be a great asset in revealing the contribution of white matter lesions to VaD and in separating VaD from AD premortem [41] . The use of CT to study VaD-specific changes actually began in the late 1970s with a focus on differences in ventricular size and low attenuation regions indicative of infarcts between individuals suspected to have VaD and those suspected to have another dementia [42, 43] . The advent of using MRI to study VaD versus AD in the 1980s was a critical advancement for detecting differential tissue damage suggestive of one cause of dementia versus another [41, 44] . T2-weighted MRI was found to provide the best-contrast image and was ultimately determined to be more sensitive than CT for detecting white matter lesions and infarcts [41] . Today MRI, both T2-weighted and fluid attenuated inversion recovery (FLAIR), are commonly used to study suspected VaD [45] .
The 1990s: Modern Methods Build New Avenues for Discovery
Genetic Contributions
In 1995, the mapping of cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) to chromosome 19 in 7 French families opened the door to investigations into the genetic basis for VaD [46] . Joutel et al. [47] identified Notch3 as the critical protein encoded by the region on chromosome 19 implicated in CADASIL. Although CADASIL has been referred to as hereditary MID based on its recurrent subcortical stroke pathology [48] , Chabriat et al. [46] also noted a few distinct differences between CADASIL and spontaneous VaD in their original characterization. Notable differences included the age at first clinical presentation, etiological contributions, and early symptomology. CADASIL tends to emerge earlier than MID, usually presenting at 45 years of age on average [46] . Moreover, infarcts occur in the absence of any age-or primary dementia-linked contribution to ischemic attacks, such as large vessel arteriosclerosis or amyloid angiopathy [46] . A final variance in CADASIL not found in nonhereditary VaD is the occurrence of migraine with aura, which becomes noticeable around a decade before dementia symptoms [46] . By contrast, the similarities between CADASIL and nonhereditary VaD include the predominant involvement of small vessels manifested as critical degeneration of the smooth muscle cells [48] . Furthermore, CADASIL and spontaneous VaD share a distinction from AD in that executive dysfunction is typically the first symptom to emerge, rather than episodic memory deficits [48] .
Animal Models
In addition to the new focus on genetic factors underlying the susceptibility to dementia with vascular causes, 3 new animal models were introduced which opened the door to in vivo studies of MID: middle cerebral artery (MCA) occlusion, induced embolism, and spontaneous hypertensive stroke-prone rats (SHRSP) [49] . None of these models perfectly replicated the complexity of MID, but each had its own strengths and weaknesses.
MCA occlusion was initially proposed as a model of VaD in 1981 [50] , but it did not gain prominence until the following decade. In this model, transient occlusion results in focal ischemia, leading initially to small lesions with gradual necrotic tissue damage [51] . The benefits of the MCA occlusion model include the relative reproducibility of the volume and location of infarcts [50] , although the infarcts occur only in regions supplied by the MCA and are not specific to small vessels [51] . In addition, the cause of the stroke in this animal model is not the same as in MID, so the model lacks true construct validity [49] .
Cerebral embolism can be induced in rats by injecting microspheres of carbon into the internal carotid artery [52] . This leads to progressive cerebral ischemia, metabolic disturbances, and cerebral infarcts [52] . This model has also been shown to induce memory deficits in a passive avoidance test with less motor deficits than other surgical models [53] . However, this model does not resolve the main weakness of the MCA model, since the induced cerebral embolism lacks common causation with MID [49] . The locations of the infarcts induced by the ischemia are also difficult to reproduce between animals [49] .
The SHRSP model was developed in the 1960s, but it was not applied to the study of VaD until the 1990s. These rats were created by inbreeding Wistar-Kyoto rats for a hypertensive phenotype with a significant percentage developing blood pressure greater than 200 mm Hg [54] . When these rats begin to experience multiple strokes, the locations of these events more closely recapitulate the typical sites of strokes in humans than do the other experimental models, with branching arteries in watershed areas being highly affected [55] . These animals also have cognitive deficits, displaying impairment on passive avoidance tests [49] . Hence, the SHRSP model was advanced as a promising tool for studying MID pathophysiology as well as acute stroke based on its high construct validity [49] .
Diagnostic Criteria
As the focus on vascular contributions to dementia began to reemerge in research and clinical trials, reliable criteria for identifying and distinguishing VaD were needed. Soon after describing MID, Hachinski et al. [56] developed an 18-point ischemic score which successfully separated primary senile dementia from MID. However, despite its accepted sensitivity for detecting dementia linked to vascular disruptions, concerns about the specificity of the Hachinski ischemic score led to the development of other clinical diagnostic criteria in the 1990s. Thus, the Alzheimer's Disease Diagnostic and Treatment Centers (ADDTC) criteria and the National Institute of Neurological Disorders and Stroke-Association Internationale pour la Recherche et l'Enseignement en Neurosciences (NINDS-AIREN) criteria were developed in this decade [57, 58] .
The ADDTC criteria, published in 1992, were established in response to the difficulty in identifying mixed dementia cases and differentiating VaD subtypes with the Hachinski ischemic scale [57] . The ADDTC criteria introduced the diagnostic categories of possible and probable VaD as well as of mixed dementia, with the instruction that CT and MRI evaluation of infarcts and white matter rarefication be included along with a functional neurological evaluation [57] . Today, the ADDTC criteria are considered among the most specific criteria for the diagnosis of VaD, but their lack of sensitivity compared to the Hachinski ischemic scale has also been noted [59] .
The NINDS-AIREN criteria were published the following year, noting that the previous criteria placed the emphasis only on ischemic causes of VaD while ignoring the heterogeneity of cerebrovascular disease (CVD) contributing to the onset of dementia [58] . The NINDS-AIREN criteria suggested 3 broad requirements for the diagnosis of probable VaD: (1) the presence of dementia, (2) the presence of CVD, which had to include CT or MRI data, and (3) an indication for a causal role of the CVD in dementia, by its presence prior to the emergence of dementia [58] . The NINDS-AIREN criteria are the most commonly used criteria for the diagnosis of VaD today, though the same concerns that plague the ADDTC criteria -a lack of sensitivity -are also noted for the NINDS-AIREN criteria [59] .
Recent advances in carefully defining and delineating VaD for the purposes of research and clinical trials have been the focus of both the National Institute of Neurological Disorders and Stroke and Canadian Stroke Network harmonization workshop and the American Heart Association and American Stroke Association writing group for vascular cognitive impairment (VCI) [3, 60] . This broader term, "vascular cognitive impairment," has resulted from the recent acknowledgment that some mild cognitive impairment cases are the result of vascular dysfunction. Recommendations from these 2 groups included minimal neuropsychiatric and neuroimaging evaluations for the diagnosis of VCI [60] , and encouragement of the consideration of risk factors that may be either convergent or divergent in the etiology of VCI or AD [3] .
The 2000s to the Present: Mechanisms and a Return to Treatment
Inflammation
At the turn of this century, the role of inflammation in disease became a prominent area of interest for understanding dementias, including VaD and AD [61, 62] . An initial focus of these studies was to determine whether increased levels of proinflammatory proteins in cerebrospinal fluid from dementia patients were related to neuronal death, and whether these factors were antecedent causative agents or risk factors for clinical onset [61] [62] [63] . In this regard, several longitudinal aging studies found that elevated levels of certain proinflammatory cytokines preceded the onset of dementia, suggesting a potential pathogenic role for neurovascular inflammatory pathways in the clinical presentation of the disease [61] [62] [63] . For VaD in particular, elevations of α 1 -antichymotrypsin and C-reactive protein plasma levels were predictive of premorbid risk [61, 62] . An imbalance in pro-and anti-inflammatory cytokines was especially pronounced in MID patients compared to controls and subjects with other dementias, with an increase in TNF and a deficit in IL-10 production providing further evidence of an aberrant proinflammatory state [63] .
Genetic studies also revealed potential variations in proinflammatory cytokines between VaD patients and cognitively normal controls [64, 65] . In a study of over 100 MID patients and aged-matched controls, Pola et al. [64] found that the G allele of the -174 G/C polymorphism in the IL-6 gene was 9 times more likely to occur in the MID group. McCusker et al. [65] found a significantly higher occurrence of the T allele in the TNF C/T polymorphism in VaD patients compared to stroke patients without dementia. These results suggested that a genetic risk for VaD could be conveyed through polymorphisms in the regulatory regions of proinflammatory cytokines.
Furthermore, the possibility of a causal role of inflammation in ischemic stroke emerged with an increased understanding of the pathways leading to thromboembolisms [66, 67] . In this regard, vascular endothelial cells are activated by inflammatory mediators under injurious conditions and express adhesion molecules that encourage immune cells to deposit in the subendothelial wall of the vessels [66] . Some of these immune cells then release cytokines that trigger the release of matrix metalloproteases from other immune cells which degrade parts of the plaque, leading to rupture or embolism [67] . The discovery of this pathway resulted in an expanded understanding of the role of inflammation in strokes leading to dementia, rather than simply being a response to the damage done.
More recently, an increased focus on the role of the endothelium in VaD has led to an increased awareness of small vessel disease in certain subcortical VaD subtypes [68] . As opposed to the long-accepted role of thromboembolism in VaD proposed by C.M. Fisher, the incidence of white matter damage is now believed to result from arteriole disease, while thromboembolism is linked to cortical damage [68] . Inflammation, hypertension, and oxidative stress have been suggested to induce endothelial dysfunction as an early instigator of local vessel occlusions [69] .
Sex Differences
The preexisting NIH Revitalization Act of 1993 required women to be included in any clinical research receiving NIH funding, which led to an enhancement of studies on sex differences in many disorders. Furthermore, the realization that translational research which was focused entirely on male preclinical animal models could result in unpredicted deleterious drug reactions in women in clinical trials [70] led the NIH to enact new guidelines for 2014 in which grant applicants must balance male and female animals and/or primary cells in all studies unless a valid reason exists not to do so [71] . These efforts to focus on potential sex differences in disease has resulted in conflicting results on the contribution of gender in susceptibility to MID [72] [73] [74] .
As discussed, some researchers in the 1980s reported a greater proportion of males than females experiencing MID [30] , suggesting a differential vulnerability to risk factors for the disease. For instance, some meta-analyses concluded that in the early years of risk, as a person enters their 60s, more males than females develop dementia after suffering a stroke, but that this difference disappears when looking at older samples of individuals with VaD [74] . Interestingly, this mimics the incidence rates of stroke among males and females observed in longitudinal studies, with men suffering more strokes than women until the age of 85 years, when women surpass men in rates of stroke [75] . This suggests that sex differences in rates of stroke, rather than rates of dementia as an outcome of stroke, might be to blame for this increased risk for MID observed in men. On the other hand, Pendlebury and Rothwell [73] found a higher rate of females with dementia following stroke in a mix of hospital-and population-based samples of patients. However, they noted that the higher rate of dementia following stroke in females was often accounted for by dementia that had been present before the stroke [73] . As the occurrence of AD already has an established sex difference, affecting women more than men [76] , this observation could easily be the result of more females than males having preexisting dementia symptoms unrelated to stroke.
Finally, some studies have reported a significant difference in rates of VaD with age and race, but not with sex [72] . When Kuller et al. [72] examined over 3,300 participants without any clinical dementia over nearly 6 years, they arrived at similar conclusions to those suggested by research in the 1980s, namely, that physiological risk factors such as hypertension, diabetes, and a history of cerebral vascular disease were the greatest predictors of VaD. When these results were controlled for age and race, the sex differences disappeared for VaD and mixed dementias, but not for AD [72] . Therefore, the field is currently split over whether a sex difference exists for MID, but highly controlled studies have failed to find a significant difference.
Renewed Hope for Treatment
Despite the disappointments with MID treatments in prior decades, the new century brought renewed hope for efficacious pharmacological interventions [7, 77] . Though no treatment has yet moved beyond clinical trials to meet regulatory approval, the research community's improved understanding of the disease raises the prospect of finding a viable intervention [7] . A few of the drugs that initially seemed the most promising included acetylcholinesterase inhibitors and the antihypertensive calcium channel blocker nimodipine [78, 79] .
Several acetylcholinesterase inhibitors are approved for the symptomatic management of moderate AD [80] . Among these, galantamine and donepezil showed only mild improvements in executive function, no improvement in any other clinical measures, and some deleterious side effects in early MID clinical trials [78] .
Nimodipine was the subject of several therapeutic trials of MID at the start of the 21st century by Pantoni et al. [79, 81] . As nimodipine has a vasodilatory effect on small vessels, it was thought that it would be helpful in maintaining perfusion in areas most sensitive to ischemic events [79] . These patients showed improvement versus controls in measures of neuropsychological and executive function but not motor functions [79] . Subsequently, it was discovered that these improvements were limited to the subgroup with subcortical lesions only [79] . However, nimodipine has since seen little attention in further clinical trials [7] .
Current clinical trials for the treatment of VaD with forthcoming results include rivastigmine (NCT00130338) and cilostazol (NCT00847860). Rivastigmine is another acetylcholinesterase inhibitor with some cognitive benefits in previous clinical trials of VaD when AD was also a probable contributor to cognitive dysfunction [82] . Cilostazol has been suggested as a VaD treatment when diabetes is a significant contributing risk factor based on improved Morris water maze performance in rat models of diabetes [83] .
Conclusion
This historical perspective offers clarity and anticipation regarding what new milestones might await in the coming decades. Looking back at the progress of MID research from the start of the 1970s provides a sense of just how far the field has come in a handful of decades. The 1970s marked a period of reliance on human autopsy and clinical data that allowed for the differentiation of MID from the primary dementias in both clinical presentation and pathological hallmarks. In the 1980s, the study of MID pathophysiology experienced a decline, with management of risk factors and the suggestion of diagnostic amendments comprising the bulk of the focus of the limited research studies. The 1990s witnessed a resurgence of the scientific community's interest in MID, and VaD in general, as new technologies and animal models allowed for thorough and specific inspection of its progression and etiology in inducible models and with a mechanistic focus. Since the beginning of the 21st century, MID and the VaDs have been increasingly recognized as a health issue commanding attention with regard to finding unique and specific mechanisms and treatments, in addition to the potential role for vascular contributions to mixed dementia and AD. This recent revival in interest and reintegration of vascular considerations in neurologic disease etiology will hopefully result in new disease-modifying therapeutic strategies in order to augment preventative efforts to reduce risk factors for the cerebrovascular insults underlying these dementing disorders.
